A method for the determination of the hydrophobicity of membrane materials is developed. The advantage of this method over existing methods is that it is not influenced by the presence of the pores. A piece of the membrane material is submerged horizontally in a liquid with surface tension yL. Hydrophobicity is expressed in terms of yd, the surface tension at which an air bubble brought into contact with the top surface of the membrane has a 50% chance of detaching from the surface. Values of yd are expected to be 2-4 mN/m higher than critical surface tension (y=) values found in the literature. For polypropylene, PTFE and polydimethylsiloxane membranes, a good agreement was found between ya and yc values. Poly(vinylidene fluoride), polysulfone and polyethersulfone membranes appeared to be more hydrophilic than was expected on the basis of the literature 7, values for the polymers. Using X-ray photoelectron spectroscopy, constituents that are not present in the pure polymer have been found in the surface of some membranes. These constituents and the production techniques are shown to influence the hydrophobicity of the membranes investigated.
Introduction
In many membrane processes, the choice of the membrane is based on the pore size of the material. However, for the separation of organic molecules from aqueous solutions in membrane distillation processes [ 1,2], for the separation of dispersions [ 3, 4] or for explaining fouling phenomena [ 5, 6] , this property does not suffice. Interactions of the solvent and solutes with the membrane material will be an important parameter in these processes; therefore, in ad-*To whom correspondence should be addressed. **Present address: MT-TNO, P.O. Box 108,370O AC Zeist, The Netherlands. dition to the pore size, the hydrophobicity of the membrane material needs to be known.
Hydrophobicity of a solid material is usually expressed in terms of a contact angle (0) or a critical surface tension. The most widely used method for determination of the contact angle of a liquid (with surface tension yL) on a surface is a direct measurement of 13 using a sessile drop of the liquid on the surface. Because of surface inhomogeneity, either an advancing, receding or equilibrium contact angle can be determined [7] . The critical surface tension of a solid (7,) is defined as the surface tension at which the contact angle of a liquid just vanishes on that solid [ 8, 9] , or:
yc'c= lim (&+O)y,
Usually, 8 is measured using different liquids or mixtures of two liquids having different surface tensions. If cos 0 is plotted versus the surface tension of the liquid (Zisman plot) , extrapolation to cos 8= 1 gives the critical surface tension ye [ 91.
Conditions for correct measurement of 8 are a homogeneous and an ideally smooth surface. Because of surface roughness, the observed contact angle may differ significantly from the real contact angle. This is shown schematically in Fig. 1 . The only general method to predict the effect of surface roughness on contact angle measurements is based on Wenzel's theory [lo] . This theory gives a relationship between the advancing contact angle on the smooth surface (19,) and the advancing contact angle on a rough surface (e,): cos e, = rS cos 0, (2) in which the surface roughness is quantified by rs, the roughness factor, defined as the ratio of the actual to the apparent area of the surface. Several other models have been proposed, however, their use is restricted to special types of surface roughness [ 11-131. The surface roughness of membrane materials is caused by the presence of pores and the roughness of the polymer material, the latter often being in the order of several micrometres [ 21. Beside surface roughness, capillary forces also play an important role in the determination of the hydrophobicity of a membrane material. Due to capillary forces, a droplet of liquid with yL> l/c can penetrate into a hydrophobic membrane, even though it does not spread on a non-porous sheet of the same ma- terial. Using the Laplace equation, a correction for these forces in cylindrical pores can be made. Franken et al. [ 1 ] introduced a pore geometry coefficient to correct for non-cylindrical pores.
A method for the determination of the hydrophobicity of membrane materials should preferably be independent of the presence of pores. For this purpose, several existing methods can be taken into consideration. As mentioned before, methods for the direct determination of contact angles are sensitive to surface roughness. Therefore, these methods are of limited interest for the determination of the hydrophobicity of membrane materials. Two methods have been developed specifically to determine the hydrophobicity of porous or inhomogeneous materials. Of practical interest is the penetrating drop method [ 11, although this method is restricted to microporous membranes. Distribution of material over two aqueous polymer phases has proven to be very useful for the determination of hydrophobicity of bacterial material [ 14,151. An advantage of this method is that pore effects can be avoided. This method could perhaps be used for homogenous membranes, but must obviously be excluded for non-woven supported and composite membranes, unless a complete separation of the skin layer from the backing material can be achieved.
In this study, a method is developed for the determination of the hydrophobicity of membrane materials. This method is not influenced by the presence of pores, and applies to homogeneous as well as to composite membranes and over a broad range of pore sizes.
Methods

Sticking bubble technique
Bubble adhesion measurements are carried out as follows. A piece of membrane material (about 1 cm') is placed horizontally at the bottom of a beaker containing a liquid with surface tension yL. In order to vary yL, water-methanol mixtures are used, giving a range in yL from 23 to 72 mN/m. Using a 10 ~1 syringe (Hamilton, Co. ) with a flat ended needle (horizontal), air bubbles are brought into contact with the surface. The smallest distance between the open end of the needle and the membrane surface is about 0.5 times the bubble diameter. At high values of yL, air bubbles will stick easily to the surface. When the surface tension of the liquid decreases, the adhesion of the air bubbles becomes weaker. Below a certain value of yL, bubbles will not adhere at all because the liquid wets the surface completely (Fig. 2 ) . The surface tension at detachment (yd) is determined by plotting the percentage of bubbles which sticks versus yL; a sudden transition is observed at y& 2. X-ray photoelectron spectroscopic measurements Surface analysis on membranes by X-ray photoelectron spectroscopy (XPS) was performed at AKZO (Arnhem, The Netherlands) using a Vacuum Gen- erators Scientific MA 500 instrument. The excitation X-ray source was Mg K, (excitation energy 1253.6 eV). Sample orientation was chosen normal to the electron energy analyzer, resulting in an "analysis depth" of approximately 5 nm, and also in a skimming position, decreasing the depth of analysis to approximately 1 nm.
Materials
In this study the hydrophobicity of several hydrophobic membrane materials has been measured. All membranes used are summarized in Table 1 . Data are according to the suppliers; most of the membranes are commercially available.
Some of the membranes mentioned in Table 1 are microporous homogeneous membranes. These membranes are stored as dry sheets and do not have to be cleaned before use. However, most of the ultrafiltration membranes are impregnated with a preservative liquid (usually containing glycol) that has to be removed before use. The cleaning procedure used in this study is as follows. First, a sheet of the membrane material (65 cm2) is washed with a detergent solution (1% SDS). Next, 20 1 of doubly distilled water is filtered through the membrane. Then the material is dried at 40' C, and is ready for use.
All experiments are carried out at 20' C. The water used is doubly distilled, and the methanol (analytical grade) was obtained from Merck (F.R.G.). Before each experiment the water-methanol mixtures are freshly prepared. Udel polysulfone is obtained from Union Carbide Corp. (CU 4750) and polyethersulfone from ICI (4800 G) .
Theory
We consider the simple case of a bubble with spherical contour attached to the surface with contact angle &, as shown in Fig. 3 . At the point of detachment, the vertical component of the adhesion forces exactly compensates the gravitational forces:
where V is the air bubble volume, g the acceleration due to gravity, Ap the difference between liquid and air density, r the radius of the contact plane and yd the surface tension of the liquid at the point of detachment. The radius r is given by:
Since part of the sphere is only virtually present, the volume of the bubble ( V) is:
Combining eqns. (3), (4) and (5) gives the surface tension (yd) of the liquid at which the bubble just will detach:
From eqn. (6) 0, can be calculated. Since air bubbles attached to a surface tend to deform (to an extent depending on their size), the approximation of a spherical bubble is not entirely correct. The curvature at the bottom of the bubble is less than for the spherical case, and the contact angle with the surface changes from 0, to 8, while r remains the same. For this case (Fig. 4) one can write [ 161:
where b is the radius of curvature at the top of the bubble. In the case where R w b, eqn. (7) simplifies to: v&g= 2xryd (sin 8, -sin 02) Results and discussion Exact determination of the surface tension at which there are just no bubbles that stick to the surface proved to be difficult. This might be caused by inhomogenities of the surface. Therefore, yd is (arbitrarily) chosen as the surface tension at which 50% of the bubbles brought into contact with the surface adheres. Graphically, this point can be determined as shown for the 0.2 pm polypropylene membrane in Fig. 5 . Each point of this curve is determined by bringing 20 air bubbles into contact with the membrane surface. The standard deviation in the points around the 50% value is 4%, resulting in an accuracy of 0.2 mN/m in the 50% value.
As the air bubble size detaching from the needle end decreases with decreasing surface tension of the liquid, calculations have to be carried out with a different bubble radius R (and density pL) for each liquid mixture. In Table 2 the results are summarized. The values of 0, and 8, are calculated from eqns. Plotting a number of contact angle data given by Fowkes [ 181 for waterbutanol droplets on graphite (Fig. 6 ) reveals that the difference in yL between 8= 25' and 13= 0' is of the order of l-2 mN/m. Since yC is defined at 0= 0 ' it is clear that values of yd should be 1-2 mN/m higher than yC values. Together with the systematic error introduced by taking the 50% adhesion value instead of 0% (which is also of the order of l-2 mN/m), it can be concluded that yd values obtained with this method are expected to be 2-4 mN/m higher than l/C values found in literature. PVDF membranes XPS measurements performed on the PVDF IRIS 3065 ultrafiltration membrane clearly show the presence of oxygen and nitrogen in the top layer of the membrane (Table 3 ) . From these results it may be concluded that, at least, the IRIS 3065 PVDF membrane surface has some constituents that may make the membrane more hydrophilic than the pure polymer.
Microporous PVDF membranes (obtained from ENKA AG) have been investigated by Franken [l] using the penetrating drop method. He found a value for yp of about 38 mN/m, i.e. 13 mN/m above the yC value and in agreement with our results. The same method applied to polypropylene membranes gives y*z 29 mN/m, in good agreement with the yC value (29-34 mN/m) and our results. It might therefore be concluded from these results that the high values found for PVDF membranes, as compared to bulk PVDF, are an inherent property of the membrane surface, rather than an artifact introduced by the method.
Polysulfone membranes
Measurements were carried out on pure bulk PSf and PES (grains and sheets). Values for yd of 48.8 and 56.3 mN/m, respectively, were obtained. The yC value reported for PSf is 41 mN/m. This value indicates that, on somewhat more hydrophilic materials, the deviation between yd and yC might be larger (although only one reference for yC data was found). The value found for the polysulfone membranes is more than 15 mN/m above the yC value in the literature. For both PSf and PES we found yd on membranes more than 7 mN/m higher than the value obtained by us on the pure polymer. Possible explanations for this phenomenon are (i) constituents that are present in the membrane material but not in the pure polymer and (ii) conformational changes induced by the production method.
(i) From XPS measurements carried out on the DDS PSf membranes (Table 4), it can be concluded that the GR 51,61 and 81 membranes seem to be made of the same material (Udel polysulfone), which was shown before and confirmed by the manufacturer [ 191. Oxygen and nitrogen are obviously more abundant than would be expected on the basis of atomic ratios in the pure polymer. It therefore seems plausible that the membrane surface is more hydrophilic, although it is impossible to quantify this effect. The nitrogen and oxygen may come from dimethylformamide (DMF) used as a solvent in the production [ 201. (ii) Conditions during production used for polysulfone membranes (made by phase inversion techniques) may also influence the value of yd. We checked this as follows. Membranes of the pure Udel polysulfone or polyethersulfone were made by spreading a viscous solution of PSf in DMF on a polypropylene sheet. This sheet was submerged in water and rinsed with water. It was found, that, by varying polymer concentrations and the time of exposure to air before immersion, measured values for l/d varied between 49 and 72 mN/m for PSf and between 56 and 72 mN/m for PES. This is probably due to surface-induced conformational changes of the polymer, which are "frozen in" at a particular stage of the phase inversion process. This kind of induced orientation of polymers has been reported by Ray et al. [21] and Lee [22] . It can therefore be concluded that, eventhough membranes are made of the same polymeric material, hydrophobicity may vary significantly with conditions during production.
The effect of surface roughness can be estimated using eqns. (6) and (9). The effect of a rough surface will be expressed in a longer contact line than the same bubble will have on a flat surface. Therefore 0, and 8, have been calculated for a flat surface for which the contact line is doubled. The results for the two extremes (PFTE and PSf) are given in Table 5 . Obviously, on a rough surface, the values for the contact angles are smaller than those on a smooth surface. However, the lower the contact angle at the point of detachment, the closer the value of l/d will approach the value of l/o as can be seen in Fig. 6 . From this it may be concluded that values of yd obtained on a rough surface are even closer to the values of yc than values obtained on a smooth surface. Therefore, yd values measured on membranes will differ by less than 2-4 mN/ m from l/c values measured on smooth surfaces.
Conclusions
In this study a method has been developed to measure hydrophobicity of porous materials, such as membranes, which is not influenced by the presence of the pores. Hydrophobicity is expressed in terms of yd, the surface tension at which an air bubble has a 50% chance of detaching from the surface. Values of yd may be compared with 'yc values found in literature, although the present method gives values that are expected to be 2-4 mN/m higher. By means of XPS, it has been found that some membrane surfaces are representative of the pure polymer, whereas others have surface atomic compositions which differ from those of the pure polymer, perhaps due to trace contaminants. This may be the reason why some membranes are more hydrophilic than might be expected on the basis of the chemistry of the pure polymer. It was also found that, for PSf membranes, the conditions during production have a large effect on the hydrophobicity of the membrane surface.
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